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Molecular Silencing of Twist1 Enhances Osteogenic
Differentiation of Murine Mesenchymal Stem Cells:
Implication of FGFR2 Signaling
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ABSTRACT
The capacity of mesenchymal stem cells (MSCs) to differentiate into functional osteoblasts is tightly controlled by transcription factors that

trigger osteoblast commitment and differentiation. The role of Twist1, a basic helix-loop-helix (bHLH) transcription factor, in osteogenic

differentiation of MSCs remains unclear. Here we investigated the role of Twist1 in the osteogenic differentiation program of murine

C3H10T1/2 mesenchymal cells. We showed that molecular silencing of Twist1 using short hairpin RNA (shRNA) expression moderately

increased C3H10T1/2 cell proliferation and had no effect on cell survival. In contrast, Twist1 silencing enhanced osteoblast gene expression

and matrix mineralization in vitro. Biochemical analyses revealed that Twist1 silencing increased the expression of FGFR2 protein level,

which was reduced by a mutant Runx2. Consistent with this finding, Twist1 silencing increased ERK1/2 and PI3K signaling. Moreover,

molecular or pharmacological inhibition of FGFR2 or of ERK1/2 and PI3K signaling partly abolished the increased osteoblast gene expression

induced by Twist1 silencing in C3H10T1/2 cells. These results reveal that Twist1 silencing upregulates osteoblast differentiation of murine

mesenchymal cells in part via activation of FGFR2 expression and downstream signaling pathways, which provides novel insights into the

molecular signals by which this transcription factor regulates the osteogenic differentiation program in MSCs. J. Cell. Biochem. 110: 1147–

1154, 2010. � 2010 Wiley-Liss, Inc.
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M esenchymal stem cells (MSCs) have the capacity to

differentiate into different cell types including osteogenic

cells under appropriate stimulation by hormonal and local factors

[Pittenger et al., 1999; Bianco et al. 2001; Marie and Fromigué,

2006]. In vitro, the osteogenic differentiation of MSCs is

characterized by the early expression of the master osteoblast

transcription factor Runx2, followed by the expression of alkaline

phosphatase (ALP), type I collagen (Col1A1), and extracellular

matrix mineralization [Lian et al., 2004]. The capacity of MSCs to

differentiate into functional osteoblasts is controlled by transcrip-

tion factors that trigger osteoblast commitment and differentiation
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in a tightly regulated manner [Lian et al., 2004; Franceschi et al.

2007; Marie, 2008].

Twist is a basic helix-loop-helix (bHLH) transcription factor

involved in mesodormal and myoblast differentiation [Chen and

Behringer, 1995]. Twist heterodimerizes with the broadly expressed

bHLH E proteins that bind DNA canonical sequences called E-boxes

(CANNTG) which are consensus binding sites for bHLH proteins

present in the promoter of target genes [Castanon and Baylies,

2002]. Twist1 is expressed in the skeletal mesenchyme and plays an

important role in the control of cranial suture development [Johnson

et al., 2000; Rice et al., 2000]. Notably, genetic mutations in the
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Twist1 gene in the Saethre–Chotzen syndrome cause Twist1

haploinsufficiency and premature cranial suture fusion [El Ghouzzi

et al., 1997; Howard et al., 1997] as a result of increased bone

formation [Yousfi et al., 2001], indicating that Twist1 is an

important transcription factor controling osteoblastogenesis [Rice

et al., 2000; Marie et al., 2008]. Previous studies showed that Twist1

controls cell proliferation, differentiation, and survival in osteo-

blastic cells [Lee et al., 1999; Yousfi et al., 2001, 2002a; Bialek et al.,

2004; Guenou et al., 2006; Komaki et al., 2007; Zhang et al., 2008].

Notably, Twist1 was found to control osteoprogenitor cell

differentiation via modulation of Runx2 [Bialek et al., 2004; Zhang

et al., 2008; Yousfi et al., 2002b; Guenou et al., 2005] and fibroblast

growth factor (FGF) [Rice et al., 2000; O’Rourke et al., 2002; Guenou

et al., 2005; Connerney et al., 2008]. However, the mechanisms by

which Twist1 may control the early stages of differentiation in MSCs

remain unclear.

Based on our previous demonstration that Twist1 haploinsuffi-

ciency enhances cranial bone formation in the Saethre–Chotzen

syndrome [Yousfi et al., 2001], we hypothesized that Twist1

silencing may have a positive effect on the commitment and

differentiation of osteoblast precursor cells. We therefore investi-

gated the effect of Twist1 silencing on MSC osteogenic differentia-

tion and determined the mechanisms involved in the control of

Twist1 silencing on osteoblast commitment and differentiation.

MATERIALS AND METHODS

CELLS AND REAGENTS

Murine pluripotent mesenchymal C3H10T1/2 cells were obtained

from the ATCC (Rockville, MD). We also used human clonal

pluripotent bone marrow stromal Stro-1þ cells obtained as

previously described [Oyajobi et al., 1999]. Cells were routinely

cultured in Dulbecco’s Modified Eagles Medium (DMEM; Invitrogen

Corporation, Paisley, Scotland) supplemented with 10% heat

inactivated fetal calf serum (FCS), 1% L-glutamine and penicillin/

streptomycin (10,000 U/ml and 10,000mg/ml, respectively), at

378C in humidified atmosphere containing 5% CO2 in air.

Culture media were changed every 2 days. Anti-FGFR2, anti-

phospho-tyrosine (p-Tyr), anti-ERK, and anti-p-ERK were from

Santa Cruz Biotechnology (Santa Cruz, CA). Other antibodies (c-Cbl,

anti-PI3K p85, anti-p-PI3K p85, and anti-Snail (pan antibody)

were from Cell Signaling (Sigma–Aldrich, Saint-Quentin Fallavier,

France). The b-actin antibody, U0126 (an inhibitor of MAPK kinase

1 and 2 (MEK1/2) that blocks phosphorylation and activation

of ERK1/2 and the PI3K inhibitor wortmannin were from Sigma

(St. Louis, USA).

EXPRESSION VECTORS

For the plasmid pLenti-shTwist1 construction, shTwist1 encoding

sequence was obtained by PCR elongation of the primer shTwist1-

BamHI 50-GGATCCCCAAGCTGAGCAAGATTCAGACCTTCAAGA-

GAGGTC-30 annealed to a second primer shTwist1-HindIII 50-AA-

GCTTAAAAAAAGCTGAGCAAGATTCAGACCTCTCTTGAAG-30.

The shTwist1 encoding sequence was cloned into pGEMT easy

vector (Promega) and transferred into the pH1 plasmid (gift from

Anne Galy, Généthon-Evry, France) at BglII/HindIII sites. The H1
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promoter-shTwist1 sequence was then cloned into the pLenti-RNAi

vector at SpeI and CLaI sites. For lentiviral particle production, 293T

cells were plated at 125,000 cells/cm2 in culture Petri dishes and

grown overnight at 378C. The culture medium was replaced 3 h

before transfection. Transfection was performed with plasmids

ph-CMV-G, p8.74 (a gift from D. Trono) and pLenti-sh-Twist1 using

a calcium phosphate transfection kit (Invitrogen) according to the

manufacturer’s instructions. Supernatant was harvested 48 and 72 h

later, filtered through a 0.45mm Millex HA filter (Millipore

Corporation, Bedford, USA) and lentiviral vectors were concentrated

on a 20% sucrose cushion by centrifugation at 26k rpm during

90 min. Pellets were left for resuspension overnight at 48C in PBS.

After gentle pipeting, aliquots were stored at �808C. The viral titer

was determined by GFP cell counting using a FACS analysis of

transduced 293T cells and expressed transducing unit per milliliters

(TU/ml).

To analyze the respective role of FGFR2, Runx2, and ERK1/2 in

osteoblast differentiation induced by Twist1 silencing, C3H10T1/2

cells were transiently transfected with FGFR2 siRNA or scramble

RNA (kindly provided by Dr. F. Jakob, University of Wurzburg,

Germany), a Runx2 mutant cDNA which bears a Ser-191Asn

mutation in the runt domain that impairs DNA binding kindly

provided by Dr. G. Karsenty (Columbia University, New York, NY,

USA) [Lee et al., 1997], a dominant-negative ERKp44-MAPK kinase-

deficient mutant vector (DN-ERK) [Pagès et al., 1993] or empty

vectors and Exgen (Euromedex) according to the manufacturer’s

instructions.
CELL PROLIFERATION AND APOPTOSIS, ALP ACTIVITY AND

IN VITRO OSTEOGENESIS

For cell proliferation assay, infected C3H10T1/2 cells were cultured

in six-well plates (105 cells per well) and cell number was evaluated

by cell counting. For determination of cell apoptosis, cells were

cultured in the presence (10%) or absence of FCS for 24 h and

apoptosis was determined by the Apopercentage assay [Miraoui

et al., 2009]. For ALP staining, we used the Sigma FAST kit

according to the manufacturer’s recommendations (Sigma).

Briefly, cells were fixed in 75% ethanol, rinsed in PBS and

incubated with the substrate buffer at 378C. For in vitro matrix

mineralization, cell culture medium was supplemented with

50mmol/L ascorbic acid and 3 mM inorganic phosphate (NaH2PO4)

to allow matrix synthesis and mineralization. At the indicated time

points, cells were fixed in 4% paraformaldehyde in PBS. Matrix

mineralization was evaluated by alizarin red staining as described

[Miraoui et al., 2009] and photographed using an Olympus

microsocope (Japan).
QUANTITATIVE RT-PCR ANALYSIS

Total RNAs were isolated using Trizol reagent (InVitrogen, France).

Three micrograms of total RNA from each samples were reverse

transcribed using MMLV reverse transcriptase and oligodT primers

at 378C for 90 min. Relative mRNA levels were evaluated by

quantitative PCR (LightCycler; Roche Applied Science, Indianapolis,

OH) using a SYBR Green PCR kit (ABGen, Courtabœuf, France) and
JOURNAL OF CELLULAR BIOCHEMISTRY



specific primers as described [Miraoui et al., 2009]. Signals were

normalized to GAPDH as internal control.

WESTERN BLOT ANALYSIS

Cell lysates were prepared as described [Miraoui et al., 2009].

Briefly, proteins (30mg) were resolved on 4–12% SDS–PAGE and

transferred onto PVDF nitrocellulose membranes (Millipore

Corporation). Filters were incubated for 2 h in 50 mM Tris/HCl

(pH 7.4), 150 mM NaCl, 0.1% (v/v) Tween-20, 0.5% (w/v) bovine

serum albumin (TBST/BSA), then overnight at 48C on a shaker

with specific primary antibodies (1/500–1/1,000 in TBST/BSA).

Membranes were washed twice with TBST and incubated for 2 h with

appropriate HRP-conjugated secondary antibody (1/10,000–1/

20,000 in TBST/BSA). After final washes, the signals were visualized

with enhanced chemiluminescence Western blotting detection

reagent (ECL, Amersham Biosciences, Piscataway, NJ) and auto-

radiographic film (X-OMAT-AR, Eastman Kodak Company,

Rochester, NY). Densitometric analysis using ImageQuant software

was performed following digital scanning (Agfa). Representative

images of immunoblots are shown.

STATISTICAL ANALYSIS

The data are the mean� standard deviation (SD) of an average of six

samples and are representative of at least two distinct experiments.

The data were analyzed by Student’s t-test and a minimal level of

P< 0.05 was considered significant.
Fig. 1. Twist1 silencing promotes mesenchymal cell proliferation but not survival. Wes

levels in C3H10T1/2 cells infected with shTwist1 compared to the empty vector (EV). Tim

control cells infected with EV (C). shTwist1 had no effect on cell survival determined b

conditions at 24 h (D). Data are the mean� SD. Asterisk (�) indicates a significant dif
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RESULTS

EFFECT OF TWIST1 SILENCING ON MSC PROLIFERATION

AND SURVIVAL

We first checked that shTwist1 was efficient in decreasing Twist

protein expression in C3H10T1/2 mesenchymal cells. As shown in

Figure 1A, shTwist1 infection reduced Twist1 expression in

C3H10T1/2 cells. Quantitative analysis of the blot showed that

shTwist1 reduced Twist1 mRNA expression by about 50% (Fig. 1B),

validating the efficiency of Twist silencing in these cells. We then

investigated the effects of Twist1 silencing on cell proliferation. A

shown in Figure 1C, Twist1 silencing modestly increased cell

number. In contrast, shTwist1 had no effect on cell survival even in

pro-apoptotic conditions (serum-deprived medium) (Fig. 1D). These

results indicate that a 50% decrease in Twist1 moderately enhances

cell proliferation but has no effect on cell survival in C3H10T1/2

cells.
TWIST1 SILENCING PROMOTES MSC

OSTEOBLAST DIFFERENTIATION

We next determined the effect of Twist1 silencing on the osteogenic

differentiation program in C3H10T1/2 cells. As shown in

Figure 2A, Twist1 silencing slightly increased Runx2 and

osteocalcin expression, and had a more positive effect on ALP

and COL1A1 expression, suggesting that Twist1 silencing promotes

the expression of genes involved in osteoblast differentiation of

MSCs. To confirm that Twist1 silencing enhances the osteogenic
tern blot analysis (A) and quantification analysis (B) showing decreased Twist1 protein

e course analysis showed that shTwist1 moderately increased cell number compared to

y the Apopercentage assay in the presence of 10% serum or in serum-deprived (1%)

ference with EV-transfected cells ( P< 0.05).
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Fig. 2. Twist1 silencing promotes osteogenic differentiation in mesenchymal

cells. Quantitative PCR analysis showing that shTwist1 increased the

expression of osteoblast markers in C3H10T1/2 cells compared to empty vector

(EV)-infected cells (A). Functional analysis showing that shTwist increased ALP

staining (B) and matrix mineralization compared to EV (C). Data are the

mean� SD. Asterisk (�) indicates a significant difference with EV-transfected

cells (P< 0.05).
differentiation program in these MSCs, we determined its effect on

ALP staining and in vitro osteogenesis in long-term culture. As

shown in Figure 2B,C, shTwist1 clearly increased ALP staining

and matrix mineralization in MSCs. These results establish that

Twist1 silencing enhances osteoblast differentiation and osteogenic

capacity in cultured MSCs.

TWIST1 SILENCING INCREASES FGFR2 EXPRESSION AND

SIGNALING IN MSCs

Having demonstrated that Twist1 silencing results in increased

osteogenic differentiation program in MSCs, we investigated the

mechanisms by which Twist1 upregulates osteoblast differentiation.

We previously reported that Twist1 modulates FGFR2 expression

in mature human osteoblasts [Guenou et al., 2005] and that FGFR2

positively controls osteoblast differentiation in murine MSCs

[Miraoui et al., 2009]. We thus postulated that the increased

osteoblast differentiation induced by Twist1 silencing may result,

at least in part, from change in FGFR2 expression. As shown in

Figure 3A, Western blot analysis revealed that shTwist1 increased

FGFR2 protein level in C3H10T1/2 cells. Quantification analysis

showed that FGFR2 expression was upregulated by twofold by
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Twist1 silencing (Fig. 3B). These results suggest that Twist silencing

may promote osteogenic differentiation in C3H10T1/2 cells

indirectly at least in part via FGFR2 expression.

One possible mechanism by which receptor tyrosine kinases

(RTKs) such as FGFR2 are regulated is via alteration of its

degradation by the proteasome [Dikic and Giordano, 2003]. Cbl is

an important ubiquitin ligase that controls ubiquitination and

degradation of RTKs [Thien and Langdon, 2001; Swaminathan and

Tsygankov, 2006], including FGFR2 [Kaabeche et al., 2004]. We

previously showed that Twist1 haploinsufficiency downregulates

Cbl expression in mature osteoblasts [Guenou et al., 2006]. We

therefore investigated whether Twist silencing may affect Cbl

expression in MSCs. As shown in Figure 3C and confirmed in

Figure 3D, Cbl protein level was unchanged by shTwist1 in

C3H10T1/2 mesenchymal cells, suggesting that the increased FGFR2

expression induced by Twist1 silencing was not related to alteration

in Cbl-mediated ubiquitination in these cells. Interestingly, the

transcription factors Twist and Snail are downstream targets of FGF

signaling [Rice et al., 2005] and mutations in Snail and Twist play an

important role in pathological cranial suture formation in the mouse

[Oram and Gridley, 2005]. We therefore analyzed potential

relationships between Twist and Snail in C3H10T1/2 cells. As

shown in Figure 3D, Snail protein level was not affected by Twist1

silencing despite increased FGFR2 signaling, suggesting that the

increased osteoblast gene expression induced by Twist1 silencing

was not related to Snail expression in these cells.

ACTIVATED FGFR2 SIGNALING MEDIATES OSTEOBLAST

DIFFERENTIATION INDUCED BY TWIST1 SILENCING IN MSCs

Several signaling pathways are known to be activated by FGFR2

[Eswarakumar et al., 2005]. Recently, ERK1/2 and PI3K signaling

pathways have been reported to play an important role in

osteoblastogenesis [Jaiswal et al., 2000; Almeida et al., 2005;

Kawamura et al., 2007; Dufour et al., 2008]. We therefore

investigated whether the increased FGFR2 expression induced by

Twist1 silencing translated into changes in ERK1/2 and PI3K

signaling. We found that the increased FGFR2 expression induced

by shTwist1 was associated with a twofold increase in ERK1/2

phosphorylation (Fig. 3E,F). Additionally, shTwist1 increased PI3K

phosphorylation in C3H10T1/2 cells (Fig. 3G,H). These results show

that the increased FGFR2 expression induced by shTwist1 in MSCs

results in increased ERK1/2 and PI3K signaling. We then determined

whether the increased ERK1/2 and PI3K signaling may be involved

in MSC osteoblast differentiation induced by Twist1 silencing. To

determine the role of ERK1/2 and PI3K on osteoblast differentiation

induced by Twist silencing in C3H10T1/2 cells, cells infected with

shTwist1 were transfected with DN-ERK and the expression of

osteoblast differentiation markers was determined. As shown in

Figure 4A, OC expression was decreased in shTwist1-infected cells

transfected with DN-ERK1/2 compared to control cells transfected

with the empty vector. Similarly, pharmacological inhibition of

PI3K decreased COL1A1 and OC expression in these cells (Fig. 4B).

These results indicate that ERK1/2 and PI3K activation signaling

contribute, at least in part, to the increased osteoblast differentiation

induced by Twist1 silencing in C3H10T1/2 cells.
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. Role of FGFR2 signaling in osteoblast differentiation induced by shTwist1 in mesenchymal cells. Western blot analysis (A) and quantification of blots (B) showing

increased FGFR2 levels in shTwist1-infected cells compared to cells infected with empty vector (EV). Western blot analysis showed that Cbl (C) and Snail (D) levels were

unchanged by shTwist1. Western blot analysis and quantification of blots showed that Twist1 silencing increased phosphorylated (p)-ERK1/2 (E,F) and p-PI3K levels (G,H)

compared to empty vector (EV) in C3H10T1/2 cells. b-Actin was used as loading control.
To confirm the implication of FGFR2 in the effects of Twist1

silencing in MSCs, shTwist1-infected cells were transfected with a

FGFR2 or scramble siRNA and osteoblastic genes were determined.

As shown in Figure 5A, siFGFR2 decreased Runx2, ALP, and Col1A1

mRNA levels but had no effect on OC mRNA levels, indicating that

FGFR2 mediates, at least in part, the induction of these genes by

Twist1 silencing in MSCs. Our previous studies indicate that Runx2

controls FGFR2 promoter activity and mRNA expression in

osteoblasts [Guenou et al., 2005]. It is thus possible that the

observed increase in Runx2 level induced by Twist1 silencing

may contribute to increase FGFR2 expression in MSCs. To analyze

whether the increased FGFR2 expression induced by Twist1

silencing may be related to Runx2 activity in MSCs, shTwist1-

infected cells were transfected with a Runx2 mutant bearing a

Ser-191Asn mutation in the runt domain that impairs DNA binding,

or the empty vector [Lee et al., 1997]. We found that transfection

with the Runx2 mutant decreased FGFR2 expression induced by

shTwist1 (Fig. 5B), indicating that Runx2 mediates, at least in part,
JOURNAL OF CELLULAR BIOCHEMISTRY
FGFR2 expression induced by shTwist1. Overall, these data reveal

that Twist1 silencing enhances osteogenic differentiation and in

vitro matrix mineralization in murine C3H10T1/2 mesenchymal

cells in part via increased Runx2 and FGFR2 expression and

subsequent activation of ERK1/2 and PI3K signaling (Fig. 5C).

DISCUSSION

The mechanisms by which the bHLH factor Twist1 controls

osteoblastogenesis are not fully understood. Here we report that

Twist1 silencing upregulates the osteogenic program in uncom-

mitted MSCs in part via FGFR2 signaling. We first showed that

molecular silencing of the Twist1 gene slightly increased C3H10T1/2

cell proliferation in murine mesenchymal cells. These data are

consistent with our previous finding that Twist haploinsufficiency

leads to expand the osteogenic precursor cell population in human

calvaria osteoblasts [Yousfi et al., 2001; Guenou et al., 2005]. In
TWIST SILENCING CONTROLS OSTEOBLASTS 1151



Fig. 4. ERK1/2 and PI3K signaling mediates in part osteoblast differentiation

induced by Twist1 silencing. Transient transfection with DN-ERK1/2 (A) or

treatment with the PI3K inhibitor wortmannin (B) abolished the expression of

phenotypic osteoblast genes (COL1A1, OC) induced by shTwist1 in C3H10T1/2

cells. Data are the mean� SD. Asterisk (�) indicates a significant difference

with control cells treated with empty vector or solvent (P< 0.05).

Fig. 5. Runx2 and FGFR2 signaling in part mediates osteoblast differentia-

tion induced by Twist1 silencing. Transient transfection with FGFR2 siRNA

(siFGFR2) (A) or DN-Runx2 (B) markedly decreased phenotypic osteoblast gene

expression induced by shTwist1 in C3H10T1/2 cells. Data are the mean� SD.

Asterisk (�) indicates a significant difference with control cells treated with

empty vector or scramble RNA (siScr) (P< 0.05). Proposed mechanisms by

which Twist1 silencing enhances the osteogenic differentiation in murine

mesenchymal stem cells (C). Twist1 silencing induced by shTwist1 acts in part

by increasing Runx2 and FGFR2 expression (dotted lines) which in turn

activates ERK1/2 and PI3K signaling that induces osteoblast differentiation

in murine C3H10T1/2 mesenchymal stem cells.
contrast to the effect of Twist1 haploinsufficiency in mature

osteoblasts [Yousfi et al., 2002a], we found that Twist1 silencing had

no effect on MSC survival, revealing a stage-specific control of

osteoblast apoptosis by Twist1. Importantly, we found that

molecular silencing of the Twist1 gene promoted the osteoblast

differentiation program and in vitro osteogenic capacity in murine

MSCs. This effect does not appear to be restricted to murine MSCs

since we observed similar effects in human clonal bone marrow

derived mesenchymal cells [Oyajobi et al., 1999] (data not shown).

Consistent with our data, it was recently reported that Twist

overexpression inhibits osteoblast differentiation in MSCs [Isen-

mann et al., 2009]. Our finding that Twist silencing promotes the

osteogenic differentiation program in murine MSCs provides one

mechanism by which Twist haploinsufficiency caused by Twist1

genetic mutations in the Saethre–Chotzen syndrome enhances the

osteogenic capacity of cranial osteoblasts in vitro and in vivo

[Yousfi et al., 2001; Guenou et al., 2005].

An important issue was to determine the mechanisms underlying

the increased osteogenic differentiation induced by Twist1 silencing

in MSCs. Previous studies suggested that Twist proteins may interact

with FGF signaling in cranial mouse bone [Rice et al., 2000; Funato

et al., 2001; Connerney et al., 2008]. However, the control of FGFR2

expression by Twist is complex [Connerney et al., 2006]. Indeed,
1152 TWIST SILENCING CONTROLS OSTEOBLASTS
Twist1 was found to upregulate or to repress FGFR2 expression in

vivo, depending on the balance between Twist1/E-protein hetero-

dimers [Connerney et al., 2008]. In the present study, we show that

Twist1 silencing increased FGFR2 expression and signaling in
JOURNAL OF CELLULAR BIOCHEMISTRY



murine MSCs. This may have functional implications in MSC

osteoblast differentiation since FGF signaling plays an important

role in osteoblastogenesis [Marie, 2003; Dailey et al., 2005] and

we recently showed that activated FGFR2 increases osteoblast

differentiation in murine MSCs [Miraoui et al., 2009]. However, we

found that shTwist1 cannot further increase osteoblast gene

expression in MSCs overexpressing wild-type or activating mutant

FGFR2 (data not shown). In addition to the implication of FGFR2,

other molecular mechanisms may be involved in osteogenic

differentiation of MSCs by Twist1. For example, Twist1 was found

to modulate periostin expression and BMP signaling that are potent

activators of osteoblast differentiation [Oshima et al., 2002; Hayashi

et al., 2007].

One mechanism by which Twist1 may control FGFR2 protein

level is alteration of Cbl, a major ubiquitin ligase that negatively

controls RTKs [Swaminathan and Tsygankov, 2006]. Cbl negatively

controls FGFR protein levels [Kaabeche et al., 2004] and Twist

haploinsufficiency in human osteoblasts decreases Cbl-mediated

PI3K degradation, causing activation of PI3K signaling [Guenou

et al., 2006]. In the present study, Twist1 silencing in murine MSCs

had no apparent effect on Cbl protein levels, suggesting that the

increased FGFR2 induced by Twist1 silencing at the protein level did

not result from decreased FGFR2 protein ubiquitination. Another

important effector linked to FGF signaling is Runx2 [Rice et al.,

2000; Yousfi et al., 2002b; Bialek et al., 2004; Guenou et al., 2005;

Ling et al., 2006; Tang et al., 2007; Teplyuk et al., 2009]. We found

that Twist1 silencing increased Runx2 expression in murine MSCs,

which is in contrast with the effect of Twist1 haploinsufficiency in

human mature osteoblasts [Guenou et al., 2005], thus revealing

another cell stage-specific mechanism of control of Runx2 and

osteoblast differentiation by Twist1. We showed that inhibition of

Runx2 transcriptional activity using a Runx2 mutant abolished

FGFR2 gene expression in shTwist1-infected MSCs, indicating that

the increased FGFR2 expression induced by Twist1 silencing in

MSCs involves Runx2 activity. These data thus provide a novel

positive interaction between Twist1, Runx2, and FGFR2 in the

control of osteoblast differentiation of MSCs.

A remaining issue was to determine the downstream signaling

mechanisms that mediate the positive effect of Twist1 silencing on

osteogenic differentiation in MSCs. Multiple signals are known to

be activated by FGF/FGFR signaling [Eswarakumar et al., 2005].

Notably, ERK1/2 and PI3K pathways were found to upregulate

osteoblast differentiation in MSCs [Jaiswal et al., 2000; Lai et al.,

2001; Miraoui et al., 2009]. Our data indicate that FGFR2 activation

induced by Twist1 silencing resulted in activation of ERK1/2 and

PI3K phosphorylation, suggesting a role for these pathways in the

osteoblast phenotype induced by Twist1 silencing in these cells.

Consistently, molecular or pharmacological inhibition of FGFR2,

ERK1/2, or PI3K activity partially abolished the increased osteoblast

gene expression induced by shTwist1. These findings indicate

that FGFR2, ERK1/2, and PI3K pathways mediate, at least in part, the

positive effect of Twist1 silencing on osteoblast differentiation in

murine MSCs (Fig. 5C).

In summary, the present data indicate that Twist1 silencing

enhances the osteogenic differentiation program in MSCs and

reveal that this anabolic effect results from mechanisms involving
JOURNAL OF CELLULAR BIOCHEMISTRY
upregulation of Runx2 and FGFR2 and downstream signaling

pathways. This provides novel insights into the molecular signals

by which the transcription factor Twist1 regulates osteogenic

differentiation in murine mesenchymal cells.
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